Background: HCV coinfection remains a major cause of morbidity and mortality among HIV-infected individuals and its incidence has increased dramatically in HIV-infected men who have sex with men(MSM). Methods: Hepatitis C virus (HCV) coinfection in the Swiss HIV Cohort Study(SHCS) was studied by combining clinical data with HIV-1 pol-sequences from the SHCS Drug Resistance Database(DRDB). We inferred maximum-likelihood phylogenetic trees, determined Swiss HIV-transmission pairs as monophyletic patient pairs, and then considered the distribution of HCV on those pairs. Results: Among the 9748 patients in the SHCS-DRDB with known HCV status, 2768(28%) were HCV-positive. Focusing on subtype B(7644 patients), we identified 1555 potential HIV-1 transmission pairs. There, we found that, even after controlling for transmission group, calendar year, age and sex, the odds for an HCV coinfection were increased by an odds ratio (OR) of 3.2 [95% confidence interval (CI) 2.2, 4.7) if a patient clustered with another HCV-positive case. This strong association persisted if transmission groups of
Introduction
Hepatitis C virus (HCV) is one of the major causes of chronic liver disease. Overall 3% of the world population are infected with HCV. 1 Of those infected, 20-50%
develop liver cirrhosis and 5% hepatocellular carcinoma. 2, 3 The epidemics of HIV and HCV interact in multiple ways. Accordingly, a substantial fraction of HIV-infected individuals also carry HCV. Both viruses can be transmitted parenterally by contaminated blood (needlesticks, blood transfusions etc.) or sexually. However, the efficiency of these transmission routes differs strongly between the two viruses. HCV is more efficiently transmitted by needlesticks than HIV(approximately by a factor of 10) 4 whereas its transmission rate upon sexual contact is much lower. Several studies have even questioned the epidemiological importance of sexual transmission for HCV. 5 Accordingly, HIV-HCV coinfections in
Western Europe occurred, until recently, almost exclusively in intravenous drug users (IDU). In recent years, however, HCV incidence has increased dramatically in HIV-infected men who have sex with men (MSM). [6] [7] [8] [9] [10] The mechanisms behind this development are unclear (e.g. increase in traumatic sexual practices, 9 decreased condom use 11 etc.) and non-injecting drug consumption may also constitute a transmission route. 9 Nevertheless, the accumulated evidence [6] [7] [8] [9] [10] indicates an increased role of sexual transmission for HCV in HIV-infected patients.
Despite the shared transmission mechanisms, it is unclear to what extent the two viruses also share entire transmission networks. The Swiss HIV Cohort Study (SHCS) is a unique research tool for studying how the HIV and HCV epidemics interact. First, it is unique in terms of its representativeness of the HIV epidemic in an entire country. Specifically, it includes an estimated 45% of all HIV-infected patients in Switzerland (since 1988) and represents all major risk groups (MSM, IDU, HET) and geographical regions in Switzerland. 12 Second, since 1998, HCV-negative individuals in the SHCS have been screened at least every 2 years for HCV. This allows a detailed estimation of HCV incidence and prevalence in the HIVinfected population in Switzerland. Finally, the SHCS is linked to the SHCS-Drug-Resistance Database (SHCS-DRDB) which contains >15 000 sequences from >10 000 patients in the SHCS. This allows combining molecular epidemiology approaches with the traditional epidemiological analysis of disease spread. Molecular epidemiology approaches have made important contributions to understanding the spread of infectious diseases such as HIV-1. [13] [14] [15] [16] [17] [18] [19] The molecular epidemiology of HIV-1 has been facilitated by the fact that HIV-1 sequences are routinely generated in the context of genotypic drug resistance tests. By contrast, only few HCV sequences are available for most HCV epidemics, which limits classical molecular epidemiology analyses. Here, we study the interaction between the spreads of HIV and HCV in Switzerland by analysing the distribution of HCV cases on the population-level phylogeny of HIV. This population-level phylogeny describes the clustering of HIV sequences from different patients and characterizes thereby the transmission chains of HIV. Accordingly, we expect the degree of clustering of HCV on this phylogeny to be a measure of the intensity of the interaction between the HIV and HCV epidemics.
Methods
We explored the spread of HCV among HIV-infected individuals in Switzerland by combining clinical and demographic data from the SHCS with HIV-1 nucleotide sequences (partial pol gene: entire protease and partial reverse transcriptase) from the SHCS-DRDB. The SHCS is a nationwide, prospective, clinic-based cohort study with continuous enrolment and semi-annual study visits (currently over 17 000 patients enrolled). 12, 20, 21 The SHCS has been approved by ethical committees of all participating institutions and written informed consent has been obtained from participants. The SHCS-DRDB includes the genotypic drug resistance test results generated in the context of the SHCS: all 4 laboratories allowed to perform resistance testing in Switzerland contribute all their resistance test results to the SHCS-DRDB. Furthermore, retrospective sequencing was performed systematically from the sample repository to obtain a sequence for all patients since 1996. In total, the SHCS-DRDB . We determined on these trees potential Swiss HIV-transmission pairs as monophyletic pairs of Swiss patients (see Figure 1 for a schematic representation; see also supplementary material for an extension of this approach to larger clusters, available as Supplementary data at IJE online). Then we analysed the distribution of HCV cases on the tree and the potential transmission pairs using univariable and multivariable logistic regression models.
Positive HCV tests were determined by either positive HCV serology[enzyme-linked immunosorbent assay (ELISA) confirmed by immunoblotting] or by detectable HCV RNA (RT-PCR). 10 Every patient with at least one positive HCV test was considered a prevalent case. Patients whose first HCV test was negative were considered incident cases if they tested HCV-positive in subsequent tests. Given that direction of transmission was typically not known, we considered for a given pair (consisting of patients P1 and P2) the HCV status of each patient both as a potential exposure and an outcome. If the HCV status of patient P1 was considered as the outcome, the HCV status of P2 was the exposure variable and vice versa. Biologically, one can interpret the HCV status of the 'exposure patient' as a proxy for the HCV frequency in the transmission network of the outcome patient (see Discussion). In order to take into account the resulting non-independence of the data points, we used in our regression models robust standard errors (based on the clustering of the patients).
We distinguished between the three traditional HIV transmission groups: MSMs,IDUs) and HETs. Given that intravenous drug use is considered to be a far stronger risk factor for HCV transmission than sexual contacts (see Table 1 and reference 4), we considered those HETs and MSMs for which intravenous drug use was reported (but not as the likely route of HIV transmission) as the following separate risk groups: HET-I (individuals who stated having acquired HIV heterosexually but also reported intravenous drug use) and MSM-I (men who stated having acquired HIV by homosexual contact but also reported intravenous drug use).
The impact of phylogenetic status on the incidence of HCV (i.e. the hazard with which initially HCV-negative individuals acquired HCV) was determined using univariable and multivariable Cox proportional hazard models. In these models, the time of the first negative HCV test was chosen as the time-origin for each patient. The proportional hazards assumption was tested by Schoenfeld residuals and it could not be rejected (at P > 0.05).
Results
Among the 9748 individuals in the SHCS-DRDB with information on their HCV status, 2768 (28.4%) had at least one positive HCV test and were classified as HCV-prevalent cases, and 208 (2.1%) had a first negative and a subsequent positive HCV test and were classified as incident cases. HCV prevalence differed strongly across risk groups. Specifically, 2038/2147 (94.9%) IDUs, 200/ 3167 (6.3%) HETs and 190/3568 (5.3%) MSMs had at least one positive HCV test. Further, 318 HETs and 162 MSMs reported previous intravenous drug use and were classified as separate risk groups (HET-I and MSM-I). HET-I and MSM-I individuals exhibited a much larger HCV prevalence than the remaining HETs and MSMs (71.7% for HET-I vs 6.3% for HET, and 27.2% for MSM-I vs 5.3% for MSM), which is consistent with the fact that intravenous drug use is a much more efficient transmission route for HCV than sexual contact. Other risk-groups (perinatal, blood transfusion etc.) contributed 386 patients (4%; 318 HCV-negative, 68 HCV-positive), who were excluded from further analysis. The baseline characteristics of the remaining study population (9362 patients) are summarized in Table 1 .
We found that HCV status was strongly associated with HIV subtype (Table 1) . Overall, >90% of HCV cases occurred in individuals with HIV-1 subtype B, and hence we restricted the phylogenetic part of the analysis to this subtype. Nevertheless it should be noted that, at least in Switzerland, a non-B subtype HIV-1 infection implies a lower risk of an HCV coinfection than a subtype B HIV infection [adjusted OR ¼ 0.5 (0.4, 0.6), see Table 1 ]. The main reason for the difference between subtypes is their composition in terms of transmission groups. As we have shown previously, 14 all three main transmission groups (HETs, MSMs and IDUs) are well represented among individuals with a HIV-1 subtype B infection. By contrast, infections with non-B HIV-1 are limited almost exclusively to HETs. 12, 20, 21 We found a similar difference in the distribution of transmission groups for B and non-B HIV-1 subtypes among individuals included in this study (see Table S1 , available as Supplementary data at IJE online). Thus the major drivers of HCV transmission (IDU in the past and MSM in the present) are missing from non-B subtypes, explaining the difference in HCV prevalence. This indicates that the HCV epidemic in Switzerland is more closely connected to the transmission networks of HIV-1 subtype B than to those of non-B subtypes. For subtype-B HIV infections, we considered the clustering of Swiss HCV cases on the HIV phylogeny derived from 7644 Swiss and 36 227 non-Swiss pol sequences (see Methods and Figure 1 ). On this phylogeny, we could identify 1555 potential HIV-1 transmission pairs, for which the HCV status was known for both members. In 907, 303 and 345 of these pairs none, one and both patients were HCV-infected, respectively. This implies that for a patient in a given transmission pair, the odds of having a HCV coinfection was increased by an OR of 13.6 [95% CI (10.5, 17.6) ] if the other patient in the pair had an HCV coinfection as well. This extremely high OR was largely due to the tendency of IDUs to cluster with other IDUs. HETs, 2.7 (1.3, 5.5) for IDUs, 3.1 (1.4, 7.0) for MSMs, 2.1 (0.9, 5.1) for HET-I and 4.5 (1.2, 16.3) for MSM-I. In terms of HCV prevalence, this implies for example that among MSMs that were paired with HCV-negative patients, the prevalence was 4.1% but increased to 11.8% for MSMs that were paired with HCV-positive patients.
When adjusted for sex, age, risk group, year of registration in the SHCS, and treatment center (¼ proxy for geographical location), in a multivariable analysis, we also found that patients in transmission pairs were much more likely to be HCV-positive if their partner in the pair was HCV-positive [OR 3.2 (2.2, 4.7), see For incident HCV cases, we found that those HCVnegative HIV patients that belonged to a transmission-pair in which the other patient was HCV-positive had a higher rate of acquiring HCV than those paired with an HCVnegative partner (Figure 2 ). Specifically, we found a hazard ratio (HR) of 2.5 (1.5, 4.2) in a univariable Cox proportional hazards model. In the corresponding multivariable analysis adjusted for risk and calendar year, the corresponding HR was 2.1 (1.1, 3.8) ( Table 3 ). The covariates included in this multivariable model differed for the following reasons from the ones included in the analysis of prevalent cases (Table 2) . First, it has been shown that the incidence of HCV dramatically increased over the past year for MSMs but decreased for IDUs. 10 Therefore we included calendar year as a separate variable for MSMs and non-MSMs (indeed, Table 3 shows that the hazard for an HCV infection decreased over calendar time for nonMSMs but substantially increased for MSMs). Secondly, we had to reduce the number of variables in the model because only 75 incident HCV cases occurred in transmission pairs. For this reason, we omitted the variables 'age', 'sex' and 'centre', which only had a weak impact on prevalent cases, and treated 'calendar year' as a continuous variable. We found however almost the same impact of the HCV status in the transmission-pair partner when including the same covariates as for prevalent cases [HR 2.2 (1.2, 4.1)]. Finally, we found a comparable HR for the impact of HCV exposure if we restricted the multivariable analysis to MSMs, at 2.29 (0.9, 5.4). This suggests that the observed doubling of HCV incidence in individuals clustering with HCV-coinfected partners on the HIV phylogeny was, at least in part, mediated through sexual transmission of HCV. Finally, we considered the distribution of HCV genotypes on the HIV phylogeny. HCV genotype information was available for 1302 patients infected with HIV-1 subtype B in the SHCS-DRDB. This resulted in 99 transmission pairs for which HCV genotype information was available for both members. The most frequent HCV genotypes were 1A (n ¼ 370), 3A (n ¼ 361), 1B (n ¼ 192), and 4C/4D (n ¼ 105). Taking this genotype information into account, we found pairings with consistent genotypes in 39 out of 99 pairs. We assessed whether this pattern was stronger than expected by chance by comparing it with the genotype concordance after randomizing the genotypes of the 99 transmission pairs that had genotype information for both members (10 4 replicates). This randomization test revealed that the observed degree of genotype clustering exceeded the genotype concordance expected by chance (P ¼ 0.007). Across randomizations, the median (95% CI) number of pairs with consistent genotypes was 28 (20, 36) ; thus the observed number of pairs with consistent genotypes exceeded the expectation by a factor of 1.4 (1.1, 2.0).
Despite the fact that genotypes clustered more strongly than expected by chance (with P ¼ 0.007), the overall strength of this clustering was relatively weak. This indicates that the clustering of HCV cases on the HIV phylogeny was caused by both direct and indirect mechanisms (see Discussion). However, the weak genotype clustering might also reflect the fact that individual patients have experienced multiple, subsequent HCV infections and might therefore have switched their HCV genotype. Of 217 patients with more than one HCV genotype measurement, 13 experienced a switch in HCV genotype, which corresponded to a genotype switching rate of 1/49.6 patient-years. This might be a strong underestimate of the frequency of superseding HCV infections that occurred in the 1980s/90s (when most IDUs acquired their HCV infection) because, on the one hand, patients reduce their risk behaviour once an HIV infection is diagnosed 25 and, on the other hand, the risk of HCV transmissions among IDUs in Switzerland has strongly decreased over the past years as a result of needle-exchange programmes. This hypothesis is supported by the fact that HCV superinfections have been shown to be frequent in other settings (without IDUtargeted prevention efforts comparable to Switzerland). 26 Thus the relatively weak clustering of HCV genotypes as compared with the clustering of HCV cases might reflect a very dynamic early HCV epidemic with frequent HCV subtype substitutions.
Discussion
Even though prevention efforts in the past two decades have been successful in some high-risk populations, 10 the spread of HCV is still a major public health concern. 5 The recent spread of HCV among HIV-infected MSMs is Table 3 . Multivariable Cox proportional hazard model for incident HCV cases (odds ratios are adjusted for all variables listed).
The time of the first negative HCV-test was chosen as the time-origin for each patient. The proportional hazards assumption was tested by Schoenfeld residuals and it could not be rejected (P > 0. the association of HCV with other sexually transmitted infections (STIs) 10 and the recent decrease in condom use 11 suggest however that the rise of HCV among MSMs may be due to increased risk-taking in this transmission group. Therefore it is crucial to understand the interaction between HIV and HCV and to be able to identify high-risk populations for the spread of HCV beyond the obvious candidates (such as IDUs).
Our finding that HCV-cases cluster on the HIVphylogeny, even after taking the most important demographic variables into account, can be interpreted in two ways. The direct interpretation explains the clustering by the fact that HIV and HCV directly share transmission routes. A clustering of two patients on the HIV phylogeny implies a proximity on the contact network (defined by those transmission routes), and hence also on the contact network on which HCV can spread. In other words, two individuals who cluster on the HIV phylogeny are also more likely to belong to the same HCV transmission chain. The indirect interpretation explains the clustering by assortative mixing of high-risk subpopulations. It is a general feature of the molecular epidemiology of HIV that patients cluster preferentially with other patients of the same demographic and social strata. 14, 20 Accordingly, if some classes are more prone to be infected with HCV, then HCV cases and hence also their neighbours on the HIV phylogeny will more likely belong to those classes. The multivariable analyses (Tables 2 and 3 ) partially adjust for this effect, but other demographic variables, such as belonging to a local high-risk population, may cause an additional clustering of HCV cases on the HIV phylogeny. Our finding that individual HCV genotypes clustered more strongly than expected by chance (with P ¼ 0.007) but that the magnitude of this effect was weak, indicates that both the direct and the indirect mechanisms are responsible for the clustering of HCV cases on the HIV phylogeny. Whatever the underlying reasons for the clustering of HCV on the HIV phylogeny, our results indicate that the transmission networks of HIV and HCV are correlated and overlap even beyond the degree that can be expected by demographic variables such as riskgroup (especially IDUs), geography, sex and age. Thus, our analysis shows that the location of an HIV-infected patient on the HIV phylogeny can serve as an indicator for the risk of an HCV coinfection: Patients whose HI virus is closely related to the HI virus of HIV/HCV coinfected patients have a higher risk of carrying HCV themselves and, if they are HCV-negative, they have a higher risk of becoming infected with HCV. Accordingly, such patients could constitute target groups where intensified testing and counselling are particularly important. Alternatively, the phylogenetic information could be integrated with other information such as high-risk sexual practices 9 (information not available in our dataset) to derive a combined risk assessment score. This study has several limitations. First, the method to detect clustering of HCV cases is only indirect. Instead of directly observing clusters of Swiss HCV cases on a phylogeny from HCV sequences, we consider the distribution of HCV sequences on the HIV phylogeny. As outlined above, this type of clustering is consistent both with shared transmission networks and with a clustering of risk factors (for HCV acquisition) on the HIV phylogeny. A direct quantification of the fraction of domestically transmitted HCV infections would require sequencing HCV from infected patients and goes therefore beyond the scope of this study. Second, as in all similar phylogenetic studies, our results potentially depend on how phylogenetic clusters are defined; here we have focused on monophyletic pairs of patients (irrespective of the statistical support for the clustering). However, we found similar results if we restricted the analysis to pairs with high support values (i.e. where the clustering was strongly supported by the phylogeny, see Results), and if we extended the analysis beyond pairs (see supplementary material available as Supplementary data at IJE online). Finally, these results stem from the particular epidemiological setting of the SHCS, and similar analyses in other cohorts are required to assess the generalizability of these findings.
Our results have several implications for public health. The strong clustering of Swiss HCV that we found for all transmission groups implies that the location of an HIV-1 infected patient on the HIV phylogeny can be used as a measure of that patient's risk of acquiring an HCV infection. Furthermore, the clustering indicates an important role of domestic HCV transmission in the Swiss HCV epidemic, which in turn suggests that preventive interventions can limit the spread of HCV even if they are locally limited to Switzerland. The fact that this pattern was also observed for MSM suggests that domestic transmission occurs for sexually transmitted HCV as well. Specifically, we found that MSMs paired with HCV-positive partners have a more than 2-fold higher HR of acquiring HCV themselves, highlighting the importance of safe sex practices in HCV-discordant MSM couples and in sex with unknown partners even if HIV is suppressed by highly active antiretroviral therapy (HAART).
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